The rate of heterogeneous direct electron transfer of laccase immobilized on single-walled carbon nanotube (SWCNT) and carbon paper electrodes was evaluated by cyclic voltammetry and background-current-corrected steady-state linear voltammetry. These rates indicated that the molecular orientation of laccase immobilized on the SWCNT electrode was more favorable for direct electron transfer, than that of laccase immobilized on the carbon paper electrode. The inhibition of the bioelectrocatalytic O 2 reduction current of the two electrodes by chloride and fluoride were tested. The results indicated differing inhibition mechanisms by these two halides. Laccase immobilized on the SWCNT electrode exhibited high stability and high resistance to chloride inhibition.
Introduction
Laccases (Lac) are oxidase enzymes found in many biological systems. Lac contains four copper atoms within its active sites, which are classified as type-1 (T1), type-2 (T2), and type-3 (T3) Cu sites according to their spectroscopic and magnetic properties. [1] [2] [3] T2 and T3 sites form a trinuclear copper cluster called type-2/3 Cu (T2/3 Cu). The T1 Cu site functions as the primary electron acceptor, and shuttles electrons to the T2/3 Cu site, where O 2 is fully reduced to water without releasing a H 2 O 2 intermediate. [4] [5] [6] [7] Lac can oxidize various complex electron donors. The redox potential of the T2/3 Cu site is intricately linked to the substrate specificity of the protein, and its ability to oxidize phenolic substrates. 1, 7 Lac-based biosensors have developed greatly over the last decay. Lac has been used to detect catecholamines, biopolymers, and small aromatic compounds, and to measure glucose concentrations. 3, [7] [8] [9] [10] [11] Integrating Lac into various materials has led to the recent rapid development of analytical biosensors. The heterogenization of a sensor molecular through its attachment to an electrode surface is a key aspect in developing enzyme-based electrodes. [2] [3] [4] [5] [6] [7] 12, 13 Fast heterogeneous direct electron transfer of Lac with electrodes has been achieved using electrodes functionalized with anthracene, 2-amiophenol, neocuproine-modified graphite, and Au nanoparticles. 2, 4, 14, 15 We reported that the interface of single-walled carbon nanotubes (SWCNTs) modified with steroid-type biosurfactants provided very fast direct electron transfer, with a rate of 3000 s
¹1
. 16 Lac electrodes in biosensors can be inhibited by Cl ¹ , which affects their performance under physiological conditions. [4] [5] [6] 12, 13, [17] [18] [19] [20] Intracellular fluid contains little Cl ¹ (³3 © 10 ¹3 mol dm
¹3
), but blood plasma, serum and extracellular fluid contain high Cl ). In the present study, we discuss the differing molecular orientations of Lac immobilized on SWCNT and carbon paper electrodes. Our conclusions are based on the rates of direct electron transfer of Lac with the electrodes. These molecular orientations, and an understanding of the bioelectrocatalytic current of O 2 reduction by Lac, suggest differing inhibition mechanisms between Cl ¹ and F ¹ .
Experimental
Lac from Trametes sp. (EC 1.10.3.2) was obtained from Amano Enzyme (Nagoya, Japan), and purified according to a previous report. 21 The purity was confirmed by SDS-PAGE, resulting in one band of proximately 62 kDa. The Lac concentration was determined from its molar absorbance coefficient of 5700 (mol dm ¹3 ) ¹1 cm ¹1 at 614 nm. 22 SWCNTs were synthesized on the surface of a 0.8-mm-diameter gold wire, by chemical vapor deposition as described previously. 16, 23, 24 Field-emission scanning electron microscopy indicated SWCNT bundles of ³20 nm in diameter. The thickness of the SWCNT layer was ca. 20 µm. Transmission electron microscopy images indicated individual tubular structures. Raman spectroscopy indicated a ratio of the intensities of the G-band to D-band (I G /I D ) of ³20, when a 514.5 nm laser was used as the excitation source. This high I G /I D ratio indicated that the SWCNTs were highly crystalline. 25 Toray carbon paper (TGP-H-120) was obtained from Tsukuba Materials Information Laboratory, Ltd., Japan. Before use, its surface was first treated with ultraviolet-ozone for 3 min, as described previously. 26, 27 After synthesis, the fresh SWCNT electrode was immersed in 0.1 mol dm ¹3 acetate buffer solution (pH 5) containing 10 µmol dm ¹3 Lac for 30 min. For the carbon paper electrode, this modification time was increased to 60 min. After Lac modification, the electrode surface was rinsed gently with the buffer solution prior to measurement.
Voltammetric measurements were carried out at 25°C using a conventional three-electrode cell, with Ag«AgCl (saturated KCl) as a reference electrode and a Pt plate as the counter electrode. All potentials are reported with respect to the Ag«AgCl (saturated KCl) reference electrode. A 1.0 mol dm ¹3 phosphate-citrate buffer solution (pH 3.0, 1.0 mol dm ¹3 citric acid + 1.0 mol dm ¹3 NaH 2 PO 4 ) was used as the electrolyte solution, and was purged with highpurity argon before measurements. The buffer solution was stirred with a magnetic stirrer, to obtain a steady-state sigmoidal shape in the voltammograms of Lac. NaCl and NaF (AR grade) were used as Cl ¹ and F ¹ inhibitors, respectively. 
Results and Discussion
A bioelectrocatalytic O 2 reduction current was observed from the direct electron transfer between immobilized Lac and the SWCNT and carbon paper electrodes, as shown by the cyclic voltammograms in Fig. 1 . For the SWCNT electrode, the reduction current quickly increased from the starting potential of 0.7 V, to reach a steady-state current of ³0.5 V. For the carbon paper electrode, the reduction current gradually increased from 0.7 V, but did not reach a steadystate current. These differing behaviors in bioelectrocatalytic current reflected the differing heterogeneous electron transfer kinetics of adsorbed Lac. To determine the heterogeneous electron transfer kinetics between Lac and the electrode, background-currentcorrected steady-state linear sweep voltammograms were measured (Fig. 2 ), and were analyzed using the following equations:
The voltammograms in Fig. 2 were fitted to Eq. 1, with k°, ! a , and ¡ as adjustable parameters. n, F, and ! a are the number of electrons (n = 1 for the T1 Cu site of Lac), Faraday constant, and total surface concentration of electrically active Lac, respectively. k c is the catalytic constant (s ¹1 ), which for Lac includes both the intermolecular electron transfer rate constant from the T1 Cu to T2/3 Cu site, and the O 2 reduction rate at the T2/3 Cu site. The value of k c was unknown, and was assumed to be 2600 s ¹1 . 16 k f and k b are the surface electron transfer rate constants expressed by the ButlerVolmer-type equation. E°B is the formal redox potential of the T1 Cu site. The value of E°B was estimated from the half-wave potential from the steady-state sigmoidal wave. k°and ¡ are the heterogeneous electron transfer rate constant (s ¹1 ) at the E°B between adsorbed Lac and the electrode, and the transfer coefficient, respectively. The values of k°at the SWCNT and carbon paper electrodes were determined to be 1200 and 800 s ¹1 , respectively. The large difference in k°values at these electrodes reflected mainly the differing molecular orientations of Lac on the electrodes, although other possibilities such as differing surface binding state of Lac might be considered. The values of ! a at the SWCNT and carbon paper electrodes were determined to be 3.6 © 10 ¹12 and 0.31 © 10 ¹12 mol cm ¹2 , respectively. The large ! a value at the SWCNT electrode indicated that the molecular orientation of Lac on the SWCNT electrode was more suitable for direct electron transfer than that of Lac on the carbon paper electrode.
The activity of Lac is inhibited by small halides such as Cl ¹ and F ¹ , because they bind to the T1 Cu and/or T2/3 Cu sites. The inhibition mechanism of Lac was investigated by using spectrophotometrically method and a combination of spectroscopic and DFT studies. [17] [18] [19] [20] Voltammetric studies on the halide inhibition was carried out, which suggested the ability to differentiate the inhibition modes of Lac by halides. 5, 13 However, the mechanism of inhibition has not yet been clarified. Figure 3 shows Electrochemistry, 84(5), 315-318 (2016) by analyzing the voltammograms. For F ¹ inhibition, the reduction current quickly decreased at F ¹ concentrations of 1 © 10 ¹5 -1 © 10 ¹4 mol dm ¹3 . In contrast, the reduction current was largely constant at Cl ¹ concentrations of up to 1 © 10 ¹4 mol dm
¹3
, and then gradually decreased at Cl ¹ concentrations of 1 © 10 ¹4 -1 © 10 ¹1 mol dm
. The decrease in reduction current was not obviously related to the shift in E 1/2 . For instance, for the SWCNT electrode in the presence of 1 © 10 ¹2 mol dm ¹3 Cl ¹ , the reduction current retained ³80% of the initial reduction current in the absence of Cl ¹ . This was despite E 1/2 shifting by ³60 mV to more negative potential, compared with E 1/2 in the absence of Cl ¹ . In the presence of 1 © 10 ¹1 mol dm ¹3 Cl ¹ , the reduction current retained ³70% of the initial reduction current, despite an E 1/2 shift of ³150 mV. This indicated that Lac immobilized on the SWCNT electrode was very stable, and highly resistant to Cl ¹ inhibition. A similar trend was observed for the carbon paper electrode in the presence of
The reduction current retained ³55% of the initial reduction current, while the E 1/2 shift was ³70 mV. For F ¹ inhibition, at a F ¹ concentration of 1 © 10 ¹3 mol dm ¹3 , the reduction current was almost completely inhibited. It retained only ³10% of the initial current, while the shift in E 1/2 shift was only ³30 mV.
The E 1/2 was similar to the redox potential of the T1 Cu site of Lac, because direct electron transfer occurred between the T1 Cu site and the electrode. This suggested that the mechanism of Cl ¹ inhibition differed from that of F ¹ inhibition, at the current halide ion concentration range of 0-1 © 10 ¹1 mol dm
. Cl ¹ predominantly binds to the T1 Cu site, and F ¹ predominantly binds to the T2/3 Cu site, as shown by Fig. 5 . For Cl ¹ inhibition, even if Cl ¹ were to bind to the T1 Cu site and result in a shift in E 1/2 , Lac would retain catalytic O 2 reduction ability at the T2/3 Cu site when intramolecular electron transfer between the T1 Cu and T3 Cu sites occurred. The redox potential of the T1 Cu site is reportedly 780 mV verses NHE at pH 6.8, and those of the two copper atoms of the T3 Cu site are 480 and 780 mV. 2, 29, 30 The current results indicated that intramolecular electron transfer could occur even when the shift in the E 1/2 of the T1 Cu site was ³150 mV. Ionic size also affected the results. Bulkier Cl ¹ (0.334 nm diameter) 31 would restrict access to the T2/3 Cu site to a greater degree than F ¹ (0.238 nm diameter). 31 For F ¹ inhibition, the results suggested that F ¹ bound to both the T1 Cu and T2/3 Cu sites. The binding of F ¹ to the T2/3 Cu site is widely reported. 5, 20, 32, 33 In the current results, the ³30 mV shift in E 1/2 at a F ¹ concentration of 1 © 10 ¹3 mol dm ¹3 indicated that F ¹ bound to the T1 Cu site. For Cl ¹ inhibition, the ³30 mV in E 1/2 was insufficient to inhibit intramolecular electron transfer. However, ³90% of the activity of Lac was lost. These results indicated that the catalytic current inhibition was also due to F ¹ binding to the T2/3 Cu site, not just to the T1 site. The proposed inhibition model is consistent with reported kinetic results of Lac inhibition and chronoamperometic measurements using Lac electrodes modified with aminophenol. We assumed simplified reactions to evaluate the differing inhibition mechanisms between Cl ¹ and F ¹ from an equilibrium viewpoint. 18, 20 Differences between the homogeneity of the halide ion solution and the heterogeneity of Lac immobilized on the SWCNT surface were ignored: 4 , and are shown as closed squares in Fig. 3b . These values fitted well to the experimentally obtained I c /I int curves for both the SWCNT and carbon paper electrodes. For Cl ¹ inhibition, I c /I int values obtained from Eq. (3) did not fit well to the experimentally obtained I c /I int curve. The assumed equations were highly simplified. However, that F ¹ inhibition could be simulated using Eq. (3) but Cl ¹ inhibition could not, supports the conclusion that F ¹ predominantly bound to the T2/3 Cu site, rather than the T1 site, and that Cl ¹ predominantly bound to the T1 Cu site, rather than the T2/3 Cu site. The value of K was ³10 times smaller than that reported in optical adsorption and electron paramagnetic resonance spectral studies in pH 5.5 buffer solution. 18, 19 The halide ion inhibition behaviors of the SWCNT and carbon paper electrodes can be explained by the differing Cl ¹ and F ¹ inhibition mechanisms. Very fast heterogeneous electron transfer of Lac occurred at the SWCNT interface. The k°value must be proportional to the amount of Lac molecules orientated with their T1 Cu site facing the electrode interface. A hydrophobic interaction existed between the SWCNT interface and amino acid residues of the T1 Cu site cavity. Lac molecules orientated on the SWCNT electrode blocked Cl ¹ approaching the T1 Cu site. Thus, Lac immobilized on the SWCNT electrode was highly stable, and exhibited high resistance to Cl ¹ inhibition. The molecular orientation of Lac had little effect on the inhibition of catalytic current by F ¹ , because F ¹ bound to the T2/3 Cu site. This explains why the current inhibition behavior as a function of F ¹ concentration was the same at the SWCNT and carbon paper electrodes.
Conclusions
A model for the inhibition of Lac by Cl ¹ was proposed, which differed to that for the inhibition by F ¹ . These results give insight to designing electrode interfaces for biosensors based on Lac. Lac immobilized on SWCNTs provides a platform electrode for biosensors, which exhibit high stability and resistance to Cl ¹ inhibition.
